Abstract: Entropy production in pipeline adiabatic flow of water-in-oil emulsions is investigated experimentally in three different diameter pipes. The dispersed-phase (water droplets) concentration of emulsion is varied from 0 to 41% vol. The entropy production rates in emulsion flow are compared with the values expected in single-phase flow of Newtonian fluids with the same properties (viscosity and density). While in the laminar regime the entropy production rates in emulsion flow can be described adequately by the single-phase Newtonian equations, a significant deviation from single-phase flow behavior is observed in the turbulent regime. In the turbulent regime, the entropy production rates in emulsion flow are found to be substantially smaller than those expected on the basis of single-phase equations. For example, the entropy production rate in water-in-oil emulsion flow at a dispersed-phase volume fraction of 0.41 is only 38.4% of that observed in flow of a single-phase Newtonian fluid with the same viscosity and density, when comparison is made at a Reynolds number of 4000. Thus emulsion flow in pipelines is more efficient thermodynamically than single-phase Newtonian flow.
Introduction
In the design and analysis of practical processes, it is important to determine how efficiently energy is utilized. As many processes consist of a number of steps, it is often necessary to carry out OPEN ACCESS thermodynamic analysis of each step and to determine the extent to which energy is wasted or dissipated in each step due to irreversibilities in the process.
The amount of energy wasted or work lost as a result of irreversibilities is directly related to entropy production in the process. It is well known that [1, 2] :
where lost W  is the rate of lost work, T o is the surroundings temperature, and G S  is the total rate of entropy generation due to internal (within control volume) and external (outside the control volume) irreversibilities. According to the second law of thermodynamics, 0 S G   for any irreversible process. 0 S G   only when the process is completely reversible (no internal and external irreversibilities). The importance of Equation (1) is aptly described by the following statement of Smith et al. [1] "The engineering significance of this result is clear. The greater the irreversibility of a process, the greater the rate of entropy production and the greater the amount of energy that becomes unavailable for work. Thus every irreversibility carries with it a price."
Another equivalent form of Equation (1) is as follows [3] :
where n destructio   is the total rate of exergy destruction. The thermo-mechanical exergy associated with a fluid stream per unit mass is given as follows:
where h and s are specific enthalpy and specific entropy of fluid, respectively, h o and s o are specific enthalpy and specific entropy of fluid in dead state, respectively, V is fluid velocity, g is acceleration due to gravity, and z is elevation of the fluid stream with respect to the dead state. According to the second law of thermodynamics, 0 n destructio    for any irreversible process. Thus irreversibilities in a process cause production of entropy and destruction of exergy.
In a multi-step process, it is important to estimate the rate of entropy generation in each step and compare the values of different steps to identify the process steps where irreversibilities are high. To that end, it is useful to compare the ratio
This article is related to entropy production in flow of dispersions of oil and water. Dispersions of droplets of one liquid distributed in another immiscible liquid (continuous phase), also called emulsions, are encountered in a variety of engineering applications and systems [4] [5] [6] [7] [8] [9] . Emulsions can be classified into two broad groups: (a) water-in-oil (designated as W/O) emulsions, and (b) oil-in-water (designated as O/W) emulsions. The water-in-oil emulsions consist of water droplets dispersed in a continuum of oil phase whereas the oil-in-water emulsions have a reverse arrangement; i.e., oil droplets are dispersed in a continuum of water phase. A significant portion of the world crude oil is produced in the form of emulsions. Large quantities of emulsion-based fluids are also used for oil-well drilling, as well as for fracturing and acidizing purposes. In some situations where the crude oil being produced from a given oil well is highly viscous in nature, water is often injected into the production well bore to convert the high viscosity oil to a low viscosity oil-in-water emulsion. Another important application of emulsions in the petroleum industry involves the transportation of highly viscous crude oils in the form of oil-in-water emulsions. To transport the highly viscous crude oils (such as bitumen and heavy oils) via pipelines, it is necessary to either heat the oil to reduce its viscosity or dilute the oil with a low viscosity hydrocarbon diluent. In the former case, heating cost and pipeline insulation costs are usually very high. In the latter case, the cost of diluent and its availability pose difficult problems. These problems, however, can be avoided if the crude oil is transported in the form of an oil-in-water emulsion. The viscosity of oil-in-water emulsions is in general very low compared with the crude oil. Interest has also been shown on the use of emulsions to displace oil in the secondary oil recovery processes. Emulsions are also being considered as blocking agents to control the permeability of the formation.
The applications of emulsions in industries other than petroleum are numerous [4] . Many products of commercial importance are sold in emulsion form. Several books have been written describing the commercial applications of emulsion systems. The nonpetroleum industries where emulsions are of considerable importance include food, medical and pharmaceutical, cosmetics, agriculture, explosives, polishes, leather, textile, bitumen, paints, lubricants, polymer, and transport.
In a majority of the applications of emulsions just mentioned, flow of emulsions in pipelines and other process equipment is commonly encountered. Thus it is of practical significance to know the rate of entropy production in pipeline flow of emulsions. The main objective of this work is to experimentally investigate the production of entropy in pipeline flow of water-in-oil emulsions consisting of water droplets dispersed in a continuum of oil.
It should be pointed out that a number of research articles have been published on concurrent flow of oil and water in pipelines in the past. The research work carried out on this subject (simultaneous flow of oil and water in pipes) can be classified into four groups: (a) phase-inversion in oil-water pipe flows [10] [11] [12] [13] [14] [15] ; (b) droplet size and droplet size distribution in oil-water dispersed flows in pipes [16] [17] [18] [19] ; (c) flow patterns/maps in oil-water pipe flows [20] [21] [22] [23] ; and (d) pressure drop in oil-water pipe flows [6, [24] [25] [26] . To our knowledge, little or no attention has been given to the second law analysis and entropy production in pipeline flow of oil and water dispersions.
Theoretical Background
Consider a control volume with one inlet and one outlet. Let the rate of heat transfer from heat reservoir at T o to the control volume be o Q  . Let the temperature of the control volume boundary be uniform at T b . Entropy balance on the control volume gives:
where m  is mass flow rate, subscript "1" refers to inlet, subscript "2" refers to outlet, and subscript "CV" refers to control volume. Doing entropy balance on the surroundings, one can write:
This equation could be re-cast as:
Adding the entropy balances for CV and surroundings, the following result is obtained:
From the second law:
The process must be completely reversible (no internal and external irreversibilities) in the limiting case where 0
Consider now the steady and adiabatic flow of fluid in a pipe. According to Equation (4):
The first law for open systems, under steady state condition, gives:
where h is specific enthalpy, V is fluid velocity, and sh W  is the rate of shaft work. For adiabatic incompressible flow in a horizontal pipe in the absence of any shaft work, Equation (10) simplifies to:
For fluids of constant composition, the differential change in enthalpy is given by one of the fundamental thermodynamic relations as:
where T is temperature, P is pressure and ρ is density. As the change in enthalpy is zero, Equation (12) gives [27] :
where dP/dx is pressure gradient in the direction of flow. Upon multiplication with mass flow rate on both sides, Equation (13) can be re-written as:
Combining Equations (9) and (14), we get:
where G S  is the rate of entropy generation per unit pipe length.
The Fanning friction factor f in pipe flow is defined as:
where D is the pipe diameter and V is the average fluid velocity in pipe. Note that there are two types of friction factors used in the literature: the Fanning friction factor as defined in Equation (16) ). In this article, the Fanning friction factor is used throughout. From Equations (15) and (16), it follows that:
where μ is fluid viscosity and Re is pipe Reynolds number defined as
For laminar flow of Newtonian fluids in pipes, the friction factor is given as:
For turbulent flow of Newtonian fluids in hydraulically smooth pipes, the friction factor is given by the following Blasius equation:
The Blasius equation gives good predictions of friction factor in the Re range of 3000 to 100,000. It should be noted that in the literature the Blasius equation is often expressed in terms of the Darcy friction factor as f = 0.3164/Re 1/4 ; this form of the Blasius equation is equivalent to Equation (19) where the Fanning friction factor is used (
). Substitution of the friction factor expressions from Equations (18) and (19) into Equation (17) leads to the following relations for entropy production in pipe flows:
Equations (20) and (21) are predictive models for entropy generation per unit length in pipeline flow of Newtonian fluids. These models could be applied to pseudo-homogeneous mixtures of two phases such as emulsions of oil and water.
Experimental Work
A flow rig was designed and constructed to allow experimental investigation of the rate of entropy production in pipeline flow of emulsions. . The heating/cooling coil used in the tank was helical in shape and was made from stainless-steel. The coil was connected to hot and cold water lines at one end (via solenoid valves) and to drain at the other end. The opening or closing of the solenoid valves on the hot and cold water lines was controlled by a temperature controller (YSI Thermistemp temperature controller-71A) which had a temperature sensor (YSI thermistor probe) mounted on the side wall of the tank near the bottom. The set point (desired temperature) of the controller could be selected anywhere from −10 °C to 120 °C.
Three different diameter stainless-steel pipeline test sections were installed horizontally. The various dimensions of the test sections are summarized in Table 1 . The stainless-steel pipes were seamless and hydraulically smooth. As pipe roughness can have a significant influence on friction factor in turbulent flows, the hydraulic smoothness of the pipes was verified by comparing the friction factor-Reynolds number data for single-phase fluids (oil and water) with the Blasius equation (Equation (19)). The experimental friction factor data for single-phase fluids followed the Blasius equation very well. The pressure taps for the pipeline test sections were made by carefully drilling four holes (one-tenth the pipe diameter) perpendicularly through the pipe wall at 90° apart. These holes were interconnected by means of a recess (3.175 mm wide and 3.17 mm deep) machined in a cylindrical acrylic block mounted around the pipe and sealed with "O" rings on either side. The recess was connected to the pressure transmission lines with the help of an "O" ring fitting. The pressure drops in the test-sections were measured by means of six Validyne DP transducers, each having a different range. The Validyne pressure transducers are based on the principle of variable magnetic reluctance. The transducer consists of a magnetically permeable stainless steel diaphragm clamped between two E-shaped magnetic cores each of which has an induction coil. On either side of the diaphragm there are pressure chambers which are connected to the pressure source. At zero pressure difference, the diaphragm is at the centre and forms equal gaps with each E core. Therefore the magnetic reluctance that depends upon the gap is equal in both the cores. When a pressure difference is applied, it deflects the diaphragm towards the lower pressure side increasing the gap on one side and decreasing it on the other side. This results in a difference in magnetic reluctances in the two cores which is proportional to the pressure difference.
The upstream pressure taps of the test sections were connected to one common manifold (upstream pressure manifold) and the downstream pressure taps were connected to another common manifold (downstream pressure manifold) using stainless steel tubing. From the manifolds, the upstream and downstream pressures of any test section could be transmitted to any of the six pressure transducers using "on-off" valves. The pressure transmission lines were always filled with water with the help of a water purging tank.
The emulsion from the mixing tank was circulated to the pipeline test sections, one at a time, by a Hayward Gordon centrifugal pump (model AA6, 3500 rpm, 7.5 hp motor). The flow rate in the test section was regulated with the help of a by-pass arrangement connected to the pump. From the pipeline test section, the emulsion was allowed to return to the mixing tank via the metering section where its flow rate was measured. The metering section included an orificemeter and other devices not used in the present study (venturimeter, magnetic flowmeter, and an in-line conductance cell). The pre-calibrated orificemeter was used for the determination of flow rate in the test section only at high flow rates; low flow rates were measured directly by diverting the flow outside the flow loop into a weighing tank. The output signals from the pressure transducers were recorded by a microcomputer data-acquisition system. The emulsions were prepared using tap water and a refined mineral oil (Bayol-35). The oil had a density of 780 kg/m 3 and a viscosity of 2.41 mPa.s at 25 °C. No chemical emulsifier or surfactant was used in the preparation of emulsions. The experiments were started with pure oil into which a required amount of water was added to prepare an emulsion. The concentration of water was increased from 0 to 41% vol. The experimental work was conducted at a constant temperature of 25 °C. The temperature was maintained constant in the flow loop with the help of a temperature controller installed in the mixing tank. The emulsions were sheared in the tank as well as the pumping system for more than 3 h before collection of any data. The volume fraction of the dispersed-phase in the emulsion was determined by collecting several emulsion samples from the mixing tank and other locations of the flow loop. The samples were collected in graduated cylinders (about 1-2 L) and were allowed to undergo complete separation into oil and water phases before recording the volumes of the individual phases.
Results and Discussion
The rate of entropy production per unit pipe length ( G S  ) can be determined from Equation (17) . It requires the knowledge of friction factor, fluid properties (μ and ρ), Reynolds number, pipe diameter, and fluid temperature. The density of emulsion was calculated from the relation
 are the densities of water and oil, respectively and  is the volume fraction of water (dispersed-phase). The emulsion viscosity was determined from the pipeline data in the laminar regime using the Hagen-Poiseuille law. Figure 2 shows the plot of G S  versus Re data for pure oil flow in 8.89 mm diameter pipe. The entropy production rate G S  increases with the increase in Reynolds number (Re). The data ( G S  versus Re) exhibit a linear relationship on a log-log scale in both laminar and turbulent regimes. However the slope in the turbulent regime is higher. The solid lines shown in the figure correspond to the predictions of the models, Equation (20) for laminar flow and Equation (21) S  versus Re data tend to follow the single-phase lines. However, at high volume fractions of the dispersed-phase, the entropy production rates in turbulent flow of emulsions are significantly lower than the values expected for single-phase fluids with the same properties (that is, Equation (21)).
The addition of water droplets to oil clearly causes suppression of turbulence resulting in lower dissipation of energy and hence lower rate of entropy production. Interestingly, critical Reynolds number where transition from laminar regime to turbulent regime occurs increases with the increase in dispersed-phase concentration. In the case of 41.05% by volume water-in-oil emulsion, the experimental data (see Figure 8 ) shows complete suppression of turbulence and therefore, the entropy production rates follow the laminar flow line even though the Reynolds number is much higher than 2100, the critical value for single-phase Newtonian fluids. Figure 9 shows the plot of the ratio of entropy production rate in emulsion flow to entropy production rate in single-phase Newtonian flow (same viscosity and density) at the same Reynolds number of approximately 4000. The ratio decreases with the increase in dispersed-phase concentration. At the dispersed-phase (water) volume fraction of 0.41, the ratio is 0.384. Thus the presence of water droplets in pipeline flow of oil is advantageous thermodynamically in that the entropy production rates are reduced significantly due to suppression of turbulence by water droplets. Figure 9 . Influence of dispersed-phase volume fraction of emulsion on the ratio of entropy production rate in emulsion flow to entropy production rate in single-phase Newtonian flow with the same properties (viscosity and density).
The influence of pipe diameter on entropy production rates is shown in Figure 10 . The plots shown in Figure 10 are generated from single-phase Equations (20) and (21) using the properties of oil. With the increase in pipe diameter at a given Reynolds number, the entropy production rate decreases. This same trend is exhibited in emulsion flow. Figures 11 and 12 show the influence of pipe diameter on entropy production rates in emulsion flow at two different dispersed-phase concentrations. The entropy production rate decreases with the increase in pipe diameter as expected in both laminar and turbulent regimes. However, the data falls well below the single phase lines in turbulent flow as already noted in the preceding discussion. 
Conclusions
Based on the experimental work and analysis of entropy production in pipeline adiabatic flow of water-in-oil emulsions, the following conclusions can be made: (a) the entropy production rate per unit length of pipe increases with the increase in Reynolds number; (b) the entropy production rate decreases with the increase in pipe diameter at the same Reynolds number; (c) the entropy production rates in emulsion flow can be described adequately by single-phase Newtonian flow equations only in the laminar regime; (d) in the turbulent regime, the entropy production rates in emulsion flow are found to be substantially smaller than those expected on the basis of single-phase flow equations. The deviation from single-phase flow behavior increases with the increase in dispersed-phase concentration. For example, the entropy production rate in water-in-oil emulsion flow at a dispersed-phase volume fraction of 0.41 is only 38.4% of that observed in the flow of a single-phase Newtonian fluid with the same viscosity and density, when comparison is made at a Reynolds number of 4000; and (e) the deviation in entropy production rate of emulsion flow from that of single-phase fluid is due to suppression of turbulence caused by the presence of dispersed droplets.
